The CheY protein is the response regulator in bacterial chemotaxis. Phosphorylation of a conserved aspartyl residue induces structural changes that convert the protein from an inactive to an active state. The short half-life of the aspartyl-phosphate has precluded detailed structural analysis of the active protein. Persistent activation of Escherichia coli CheY was achieved by complexation with beryllo¯uoride (BeF 3 À ) and the structure determined by NMR spectroscopy to a backbone r.m.s.d. of 0.58(AE0.08) A Ê . Formation of a hydrogen bond between the Thr87 OH group and an active site acceptor, presumably Asp57Á BeF 3 À , stabilizes a coupled rearrangement of highly conserved residues, Thr87 and Tyr106, along with displacement of b4 and H4, to yield the active state. The coupled rearrangement may be a more general mechanism for activation of receiver domains.
Bacteria move toward favorable chemical environments by modulating smooth swimming and tumbling motions in a process known as chemotaxis (Falke et al., 1997) . Ligand binding to a transmembrane chemoreceptor elicits a signal that is ultimately carried to the¯agellar motor by the phosphorylated form of the response regulator, CheY. The phosphorylation state of CheY is controled by the opposing activities of the sensor kinase CheA and the phosphatase CheZ (Djordjevic & Stock, 1998) . CheA and CheY comprise a two-component signaling system, a pervasive signal transduction system in bacteria, which is also utilized in some eukarya (Nixon et al., 1986; Ota & Varshavsky, 1993; Parkinson & Kofoid, 1992; Stock et al., 1995) .
CheY has been extensively studied as a model for understanding the link between phosphorylation and the activation of response regulators. Phosphorylation of Asp57 (Sanders et al., 1989) induces a structural change (Drake et al., 1993; Lowry et al., 1994) that enhances the interaction of CheY with the¯agellar basal body protein FliM (Welch et al., 1993) and with CheZ (Blat & Eisenbach, 1994) , but reduces its af®nity for CheA (Li et al., 1995) . Studies of mutant forms suggest that the structural changes caused by phosphorylation, but not the phosphoryl group itself, are important for activation (Djordjevic & Stock, 1998) . Functional roles have been assigned for several highly conserved residues, including Asp12 and Asp13 (Stock et al., 1993) , Asp57 (Sanders et al., 1989) , and Lys109 (Lukat et al., 1991) . The importance of Thr87 and Tyr106 has also been noted (Appleby & Bourret, 1998; Zhu et al., 1997) , but due to the transient nature of phosphorylated CheY, a detailed understanding of their roles in the activation process has been dif®cult to attain.
Recently, Yan et al. (1999) discovered that BeFx forms a persistent complex with response regulators to yield an acyl-phosphate analog. Functionally, NtrC, OmpR, and NarL complexed to BeFx are very similar to their phosphorylation-activated counterparts. For CheY, several lines of evidence show that BeFxÁCheY mimics P-CheY. BeFx ÁCheY has the same af®nity as P-CheY for a 16-residue N-terminal peptide derived from FliM (Yan et al., 1999) ; BeFx ÁCheY has increased binding af®nity for CheZ and magnesium ( Figure 1 , and data not shown); BeFxÁCheY shows very similar changes in amide chemical shifts upon beryllo¯uoride binding as upon phosphorylation Yan et al., 1999) . Although technical dif®culties prevented determination of whether both BeF 4
À2
and BeF 3 À generate active complexes with NtrC, monitoring of BeFx-dependent quenching of CheȲ uorescence at different¯uoride concentrations provided evidence that only BeF 3 À can generate an active species (Figure 1(b) ). Here, we report the solution structure of BeF 3 -activated CheY and interpret it in the light of previous structural, biochemical and genetic data. Our results suggest a mechanism by which phosphorylation induces the active conformation via a coupled structural rearrangement involving Thr87 and Tyr106, along with displacement of b4 and H4.
Triple (Figure 2(a) ), and 89 % of the non-exchangeable side-chain resonances. Distance and torsion angle restraints derived from the NMR data were used to calculate 60 structures using DYANA (Gu È ntert et al., 1997) . The 27 structures with a residual target function of less than 1.0 A Ê 2 were subjected to energy minimization using the program OPAL (Luginbu È hl et al., 1996) (Table 1 Table 1) .
Comparison of backbone coordinates for BeF 3 Á-CheY with previously determined X-ray structures of apo protein (Volz & Matsumura, 1991) , magnesium-bound (Bellsolell et al., 1994) , CheA-complexed (Welch et al., 1997) , hyperactive mutant form Tyr106Trp (Zhu et al., 1997) , as well as with a magnesium-bound NMR structure revealed low r.m.s.d. values (range 0.9 to 1.4 A Ê ). In addition, 13 C a shifts, which are sensitive to changes in electronic environment and structure, are similar (difference less than 1 ppm) for most, but not all residues of the BeF 3 -activated and magnesium-bound forms of the protein. The largest backbone structural change is movement of the C-terminal portion of b4, which includes Thr87, toward Asp57 on b3. This is likely due to interaction of Thr87 with the Asp57 ÁBeF 3 À group (see below).
Small differences observed in the backbone conformation of inactive CheY, especially in H4 and the loop between b4 and H4, led to the notion that the protein is structurally malleable, and that this particular region can adopt multiple conformations (Djordjevic & Stock, 1998) . For example, in the NMR structure of magnesium-bound CheY and the X-ray structures of apo CheY (Volz & Matsumura, 1991) and magnesium-bound (10 mM Mg 2 ) CheY (Stock et al., 1993) , H4 begins at Lys92, but in another X-ray structure of magnesium-bound (100 mM Mg 2 ) CheY (Bellsolell The assay was carried out exactly as described by Blat & Eisenbach (1994) and Halkides et al. (1998) . CheZ (3 nmol) was incubated with immobilized CheY (3 nmol) in the presence of (1) 2À is the predominant species (Goldstein, 1964; Martin, 1988) . The gene for E. coli CheY was cloned into a PET21a vector (Novagen, Madison, WI) using PCR and standard molecular biology techniques. The sequence was con®rmed by DNA sequencing. The protein was over-expressed in E. coli strain BL21(DE3)/pACYC and was puri®ed as described by Bruix et al. (1993 Bruix et al. ( ). et al., 1994 , H4 begins at residue Asn94 (Figure 2(c) ). The conformational¯exibility of the b4-H4 loop and marginal stability of H4 are also supported by 15 N NMR relaxation and hydrogendeuterium exchange studies of the inactive magnesium-bound protein .
Similar to the apo crystal and magnesium-bound X-ray and NMR structures, in BeF 3 -activated CheY, H4 begins at residue Lys92. However, signi®cant differences in 13 C a shifts were observed between the BeF 3 -activated and inactive magnesium-bound forms for Val86 in b4 as well as Asn94 and Lys91, which are located in H4 and the loop between b4 and H4, respectively. These data point to possible structural changes resulting from activation. Comparison of BeF 3 -activated CheY with the inactive structures shown in Figure 2 (c) reveals movement of H4 up and toward the active site. In addition, when compared to NMR studies of the inactive magnesium-bound protein , activation increases the stability of this helix, as evidenced by substantial protection for the amides of residues Ile95 through to Ala99. Interestingly, phosphorylation of the homologous domain of NtrC appears to induce large conformational changes in the H4 region (Kern et al., 1999) . In contrast, our data show that activation of CheY induces small but signi®cant structural rearrangements, but no large conformational changes. This is consistent with previous biochemical data which show only a 20-fold increase in FliM binding upon phosphorylation (Welch et al., 1993) .
In virtually all known receiver domains the residue equivalent to position 87 in CheY is conserved as either threonine or serine, and position 106 is conserved as either tyrosine or phenylalanine (Volz, 1993) . Previous biochemical and genetic data suggested that the side-chain of Tyr106 (Zhu et al., 1996) and the hydroxyl group of Thr87 (Appleby & Bourret, 1998) participate in conformational changes leading to the active structure of CheY. In addition, structural studies of inactive wild-type and mutant forms of CheY indicated that there is steric competition between these two side-chains for a hydrophobic pocket created by b4, H4, and the intervening loop (b4-H4-pocket) (Ganguli et al., 1995; Zhu et al., 1996 Zhu et al., , 1997 . Except for Tyr106Trp, which is hyperactive in vivo, other mutational substitutions at this position caused either a major decrease (Phe) or complete loss of activity (Zhu et al., 1996) . In the crystal structure of unphosphorylated (inactive) mutant form Tyr106Trp, the Trp residue side-chain was found in the b4-H4-pocket, whereas in the mutant forms Thr87Ile and Thr87Ile/Tyr106Trp, which are inactive in vivo, the aromatic ring of 106 was solvent exposed, and the pocket occupied by the sidechain of Ile87 (Zhu et al., 1997) . Analogous to the case for Ile87 in Thr87Ile and Thr87Ile/Tyr106Trp, in inactive magnesium-bound CheY, Tyr106 was exposed, and a signi®cant portion of the b4-H4 pocket was occupied by the methyl group of Thr87 (Bellsolell et al., 1994; Moy et al., 1994) . Our structure of BeF 3 -activated CheY is more similar to Tyr106Trp, in that the side-chain of Tyr106 is buried in the b4-H4-pocket, making contacts with Tyr58, Thr87, Asn94, Ile95 and Ala98 of H4, whereas the methyl group of Thr87 is displaced from the pocket (see below).
We have identi®ed the resonance for the hydroxyl proton of Thr87 in BeF 3 -activated CheY as an exchangeable, non-nitrogen-bound proton with NOEs to the amide protons of Trp58, Ala88, and Glu89 (data not shown). These data strongly suggest that a hydrogen bond is formed between Thr87 and an active site acceptor, presumably Asp57 ÁBeF 3 À . In the inactive state, the methyl group of Thr87 is in the b4-H4-pocket, with Tyr106 in the solvent-exposed position (Figure 3(a) ). Activation moves the hydroxyl group of Thr87 (and b4) toward the active site, promoting formation of a hydrogen bond. This results in the removal of the Thr87 methyl group from the b4-H4-pocket, which is then ®lled by Tyr106 (Y-T coupling) (Figure 3(b) ). Thus, the buried-exposed conformation of Tyr106 is coupled via Thr87 to phosphorylation of Asp57 (Sanders et al., 1989) . A similar arrangement of the equivalent threonine and tyrosine in the phosphorylated response regulators Spo0A (Lewis et al., 1999) and FixJ (Birk et al., 1999) was recently reported. The high degree of conservation of these residues, combined with the structural data suggest that this may be a general mechanism for inducing structural changes leading to the activation of receiver domains. Although The average residual target function value for the 27 best DYANA conformers before energy minimization was 0.3(AE 0.2) A Ê 2 .
a For each entry the average for the 27 conformers and the standard deviation among the 27 conformers is given.
b Backbone atoms include N, C a , and C H .
resolution in the active site of the phosphorylated receiver domain of NtrC was not suf®-cient to de®ne the mechanism of activation, both structural (Kern et al., 1999) and genetic/ biochemical studies (Klose et al., 1993; Moore et al., 1993 ; D.Y. & S.K., unpublished data)
indicate that there are signi®cant differences between the activation of NtrC and the activation of both CheY and the receiver domain of Spo0A (Lewis et al., 1999) . Whether or not FixJ is more similar to CheY or NtrC remains to be determined. (Volz & Matsumura, 1991) (gold), magnesium-bound X-ray (Bellsolell et al., 1994) (red), and mean magnesium-bound NMR (magenta) structures. Superposition included backbone coordinates for residues in H1, H2, b1, b2, and b3. Considering the mean coordinates obtained from the family of magnesium-bound and BeF 3 -activated NMR structures, backbone superposition of H1, H2, b1, b2, and b3 yields an r.m.s.d. value of 2.4 A Ê for the backbone coodinates of residues in H3, b4, H4, b5, and H5. The Figure was produced with the program MOLMOL (Koradi et al., 1996) . Uniformly ]glucose. The BeF 3 -activated sample conditions were 4 mM CheY, 16 mM BeCl 2 , 100 mM NaF, 20 mM MgCl 2 , at pH 6.7, and 10 % 2 H 2 O. NMR spectra were recorded on AMX 600 and DRX 500 NMR spectrometers at 25
C. Backbone resonances were assigned with 3D 15 N NOESY-FHSQC (Talluri & Wagner, 1996) , HNCACB (Wittekind & Mueller, 1993) , CBCA(CO)NH (Grzesiek & Bax, 1992a) , and HNCA (Grzesiek & Bax, 1992b) spectra. Side-chain aliphatic 13 C/ 1 H pairs were assigned with 3D 15 N TOCSY-HSQC (Driscoll et al., 1990) , HCCH-TOCSY (Kay et al., 1993) and CBCA(CO)NH spectra. In each of the experiments above, purge-type pulsed®eld gradients were used to suppress artifacts and the solvent signal (Bax & Pochapsky, 1992) . Aromatic assignments were obtained from DQF-COSY (Rance et al., 1983 ) and 13 C/ 1 H HMQC spectra . The assignment process was also aided by making reference to published chemical shifts for CheY (Bruix et al., 1993; Moy et al., 1994) . Phi torsion angle restraints were obtained from a 15 N HMQC-J spectrum . Stereospeci®c assignments for Val and Leu methyl groups were obtained by comparison of ct-HSQC spectra of uniformly 13 C-labeled and 10 % uniformly 13 C-labeled samples (Neri et al., 1989; Szyperski et al., 1992) . w 1 restraints for the Val, Ile, and Thr residues were obtained from ct-HMQC-J spectra (Grzesiek et al., 1993; Vuister et al., 1993a) . NOEs identi®ed in 3D NOESY-FHSQC, 4D 13 C/ 15 N HMQC-NOESY-FHSQC and 4D 13 C/ 13 C HMQC-NOESY-HMQC (all recorded with a 100 ms mixing time) (Vuister et al., 1993b ) spectra were classi®ed as strong (2.9 A Ê upper distance limit), medium (Table 1 ; target function before energy minimization was 0.3(AE0.2) A Ê 2 ) were subjected to restrained energy minimization using the AMBER94 force®eld (Cornell et al., 1995) implemented in the program OPAL (Luginbu È hl et al., 1996) . Conjugate gradient minimization (1500 steps) included bond, angle, dihedral, improper dihedral, van der Waals, electrostatic, NMR distance, and NMR torsion angle terms. The minimization was performed in a shell of water at least 6 A Ê thick, with the dielectric constant set to 1, and with no cut-off for non-bonded interactions. PROCHECK analysis (Laskowski et al., 1993) of the structures revealed that 99 % of the residues fall within the allowed or generously allowed regions of the Ramachandran map. The 27 energy-minimized structures are used to represent the solution structure of CheY complexed with beryllo¯uoride and magnesium.
The H4-b5-H5 face of CheY is an important interaction surface for FliM binding (Djordjevic & Stock, 1998; Shukla et al., 1998) . Similar to results for apoCheY (McEvoy et al., 1999) , titrations of BeF 3 -activated CheY with the 16 N-terminal residues of the FliM protein resulted in large shifts for amide resonances of many residues in this face, including Lys92, Tyr106, and Val107 (data not shown). In our activated structures, Tyr106 (in b5) is exclusively in the buried conformation. It is therefore plausible that Tyr106 in the exposed position (magnesium-bound inactive state) contributes to a decrease in the af®nity of FliM for CheY by sterically blocking interaction of FliM with the H4-b5-H5 face. However, failure of other residues to substitute for Tyr106 indicates that other subtle structural changes which occur upon re-orientation of the tyrosine side-chain are likely to be important for normal function (Zhu et al., 1996) . For example, upon activation there is stabilization of H4, presumably due to hydrophobic interactions between Tyr106 and the b4-H4-pocket, and there is displacement of H4 in conjunction with b4. There is also a signi®cant 13 C a chemical shift change for highly conserved Lys109 and a slight distortion of the backbone in the region near it in activated CheY compared to inactive CheY (Bellsolell et al., 1994; Moy et al., 1994) . Unfortunately, the side-chain res- Superposition included backbone coordinates for residues in H1, H2, b1, b2, and b3. Relative that depicted in Figure 2 , the structures are rotated 90 about a horizontal axis in the page, affording a view (top) of the active site. The loops between b3 and H3 and between H3 and b4 are ill-de®ned by the NMR data, and should not be used for comparison. (a) CheY taken from the inactive magnesium-bound NMR structure and (b) representative NMR structure of BeF 3 -activated CheY. Asp57 (blue) is the site of phosphorylation. Highly conserved Tyr106 (green) and Thr87 (red) are also shown. The Thr87 hydroxyl group is represented by a small ball. BeF 3 À is modeled as a black ball attached to Asp57. The Figure was created with the program MOLSCRIPT (Kraulis, 1991). onances for Lys109 are weak, fall in a very crowded region, and could not be assigned. Consequently, we were unable to de®ne its position in the active state.
Our structural studies of BeF 3 -activated CheY are consistent with the notion that the rotameric position of the Tyr106 side-chain is important in determining the signaling state of CheY and, directly or indirectly, controls its af®nity for FliM. The recent discovery that BeF 3 À can be used to activate CheY (Yan et al., 1999) will facilitate study of complexes such as CheY with FliM, and will provide a more detailed understanding of the mechanism by which CheY transmits a signal to the¯agellar motor assembly. It should also facilitate assessing whether CheZ acts allosterically to stimulate the autophosphatase activity of CheY, or whether it directly catalyzes dephosphorylation.
Accession codes
Coordinates have been deposited in the Protein Data Bank under accession number 1DJM. The chemical shift assignments have been deposited in the BioMagResBank (BMRB) under accession number 4472.
